Background: Leishmania inhibits oxidative burst-mediated apoptosis of macrophages during phagocytosis. Results: L. donovani induces (SOCS) 1 and 3, which suppress macrophage apoptosis through thioredoxin-mediated stabilization of protein-tyrosine phosphatases. Conclusion: Leishmania exploits macrophage SOCS proteins for inhibition of apoptosis, thus protecting its niche for survival and replication. Significance: This study demonstrates a novel anti-apoptotic mediator for parasite infection.
Programmed cell death, or apoptosis, is a signal-dependent physiological suicide mechanism that preserves homeostasis by maintaining the delicate balance between cell proliferation and cell death (1) . Apart from serving all these diverse spectra of functions, it serves as a defense mechanism against viruses and probably other infectious agents, such as intracellular bacteria and parasites (2) . In plants, insects, and mammals, the rapid induction of apoptosis in response to pathogen entry represents an evolutionarily conserved protective response against infections. Conversely, as pathogens are under great selective pressure to defeat the host defense systems, they have evolved a variety of ways to specifically antagonize apoptotic death of the invaded host cell, allowing them more time to replicate (3) (4) (5) . Moreover, it would be to the advantage of the invading organism to subvert the apoptotic machinery; hence not destroying its niche before egression. Therefore, even though apoptosis, induced in infected cells by cytotoxic immune effector cells, is a critical defense against intracellular pathogens, many viral, bacterial, and protozoan pathogens have developed mechanisms to invade and multiply within host cells without inducing apoptosis (6 -10) . Various parasites undermine the apoptotic progression that includes Chlamydia, Escherichia coli, Mycobacterium tuberculosis, Toxoplasma gondii, Plasmodium berghei, and Leishmania species (11) (12) (13) (14) (15) (16) (17) . Leishmania donovani was the first parasite reported to enhance host cell viability by inhibiting growth factor deprivation-induced apoptosis. One potential mechanism behind this inhibition has been through the activation of NF-B and PI3K/Akt pathways (17, 18) .
Leishmania species cause a spectrum of diseases ranging from nonlethal cutaneous leishmaniasis (Leishmania major) to fatal visceral leishmaniasis (L. donovani). The Leishmania parasites are internalized by macrophages into phagolysosomes, where they display the remarkable ability to survive and replicate within this hostile environment. However, it is of interest to note that once internalized into macrophages, the parasite has to face severe oxidative stress inside the macrophages due to extensive production of reactive oxygen species (ROS) 2 (19) . * This work was supported by Network Project Grant BSC 0206 and Supra Large quantities of ROS have been implicated as microbicidal agents in pathological situations and ultimately result in apoptosis of the macrophages harboring the pathogen, thereby resulting in parasite clearance (20) . Although Leishmania promastigotes are susceptible to oxygen intermediates generated in vitro, they succeed in establishing infection either by avoiding or resisting the toxic effects of superoxide and other ROS generated during phagocytosis (21, 22) . Recent studies have revealed that ROS leads to transient oxidation and inactivation of protein-tyrosine phosphatases (PTPs) that compose a large, structurally diverse family of receptor-like and nontransmembrane enzymes that are specific regulators of signal transduction, which, in conjunction with the protein-tyrosine kinases, exert exquisite control over various biological functions (23, 24) . All PTPs contain catalytic cysteine residues on the ROSsensitive site, and the ROS-mediated oxidation of cysteine residues results in their inactivation. These phenomena are reversible during the redox regulation such that the oxidized PTPs are readily reduced back by thioredoxin and/or glutathione, which act in the ROS scavenging system. In various studies, a role of thioredoxin in cell protection from the ROS-induced apoptosis has been reported in mammalian systems (25, 26) . These PTPstabilizing enzymes such as thioredoxin are reported to act in coordination with members of the suppressors of cytokine signaling (SOCS) family in the inhibition of ROS-mediated apoptotic signaling cascade (27) . It has been reported that SOCS suppress cytokine signal transduction by binding to phosphorylated tyrosine residues on cytokine receptor chains, and the physiological importance of SOCS1 and SOCS3 is demonstrated by the lethal phenotypes observed in knock-out mice (28) . Silencing of SOCS proteins has been reported to promote apoptosis in various malignancies. Moreover, recent studies have also shown the implication of SOCS-mediated anti-apoptotic signaling in several diseases (29 -32) . In addition to the modulation of PTPs, the mechanisms of ROS-induced apoptosis involve diverse downstream enzymes, including mitogenactivated protein kinases (MAPKs) and the associated signaling pathways. However, the precise role that different MAPK members play during ROS-induced apoptosis and the mechanistic link between ROS-mediated modulation of PTPs and MAPK activation are not known.
In this study, using hydrogen peroxide as an inducing agent for ROS-mediated apoptosis, we tried to elucidate the mechanism used by the parasite to counteract oxidative burst and the consequent suppression of oxidative burst-mediated host cell apoptosis. Hydrogen peroxide treatment failed to bring about apoptosis of macrophages infected with L. donovani. It was observed that although infected cells were capable of ROS production during early hours, there was complete abrogation of the downstream caspase cascade that was found to be mediated by SOCS proteins. Silencing of these proteins resulted in reduced thioredoxin levels and increased apoptosis in infected macrophages through de-activation of PTPs. SOCS knockdown cells also displayed decreased parasite survival, thus marking reduction in disease progression. Taken together, these results suggest that L. donovani employs differential induction of host SOCS proteins to subvert macrophage apoptotic machinery triggered by parasite internalization-medi-ated oxidative burst, thus establishing its replicative niche inside the host.
EXPERIMENTAL PROCEDURES
Cell Culture and Parasites-The pathogenic promastigotes of L. donovani strain (MHOM/IN/1983/AG83) were maintained in Medium 199 (Invitrogen) supplemented with 10% fetal calf serum (Invitrogen), 50 units/ml penicillin, and 50 g/ml streptomycin. The murine macrophage cell line RAW 264.7 was maintained at 37°C, 5% CO 2 in RPMI 1640 medium (Invitrogen) supplemented with 10% FCS, penicillin (100 units/ ml), and streptomycin (100 g/ml). In vitro infection experiments were carried out with the RAW 264.7 cell line using stationary phase promastigotes at a 10:1 parasite/macrophage ratio.
Reagents, Antibodies, and Constructs-All antibodies were from Santa Cruz Biotechnology and Cell Signaling Technology. All other chemicals were from Sigma, unless indicated otherwise.
Apoptosis Detection by Annexin V Staining-RAW 264.7 cells (2 ϫ 10 6 ) were infected with L. donovani promastigotes for different time periods. One group of infected macrophages for each time point of infection was treated with H 2 O 2 . After an hour of treatment, the culture media were replaced, and cells were incubated overnight at 37°C, 5% CO 2 . The cells were washed twice with PBS. Apoptosis was then determined using annexin-V-FLUOS staining kit (Roche Applied Science) as per the manufacturer's instructions. Cells were analyzed on FACS Canto II TM cell sorter using 488 nm excitation and 530 nm emissions for FITC and Ͼ600 nm for PI fluorescence using FACS Diva software.
Immunoprecipitation and Immunoblotting-Cells were lysed in lysis buffer (Cell Signaling Technology), and the protein concentrations in the cleared supernatants were estimated using a protein assay (Bio-Rad). Immunoprecipitation was performed as described previously (33) . Briefly, pre-cleared cell lysates (500 g) were incubated overnight with specific primary antibody at 4°C. For co-immunoprecipitation studies, pulldown with unrelated antibodies served as control. 25 l of protein A/G plus agarose beads (Santa Cruz Biotechnology) were added to the mixture and incubated for 4 h at 4°C. Immune complexes were collected and washed three times with ice-cold lysis buffer and once with lysis buffer without Triton X-100. The immunoprecipitated samples and cell lysates were resolved by 10% SDS-PAGE and then transferred to nitrocellulose membrane (Millipore). 30 g of protein from the whole cell lysate of each sample were loaded as input. The membranes were blocked with 5% BSA in wash buffer (TBS, 0.1% Tween 20) for 1 h at room temperature and probed with primary antibody overnight at dilution recommended by the suppliers. Membranes were washed three times with wash buffer and then incubated with alkaline phosphatase-conjugated secondary antibody and detected by hydrolysis of 5 bromo-4-chloro-3Јindolylphosphate chromogenic substrate according to the manufacturer's instructions.
Estimation of ROS Production-Intracellular ROS generation was measured using the oxidant sensitive green fluorescent dye 2Ј,7Ј-dihydrodichlorofluorescein diacetate (H 2 DCFDA) (Molecular Probes). Measurement of fluorescence in cells was made by counting at least 10,000 events/test using a FACScalibur flow cytometer (BD Biosciences), with a fluorescein isothiocyanate filter, and the cells were gated out based on their fluorescent property. Samples were examined by FACScalibur, and the results were analyzed using Cell-Quest software (BD Biosciences).
Phosphatase Assay-Macrophages were lysed in PTP lysis buffer (50 mM Hepes, pH 7.4, containing 0.5% Triton X-100, 10% glycerol, 1 mM benzamidine, 10 g/ml aprotinin, 10 g/ml leupeptin, and 2 g/ml pepstatin A) and kept on ice for 45 min. Lysates were cleared by centrifugation, and protein content was determined by protein assay (Bio-Rad). 10 g of protein extract were incubated in phosphatase reaction buffer (50 mM Hepes, pH 7.5, 0.1% 2-mercaptoethanol, 10 mM pNPP) for 30 min. Absorbance was read at 405 nm. In a separate set of experiments, PTP activity was further determined by the capacity of protein lysates to dephosphorylate a monophosphorylated phosphotyrosine peptide substrate (TRDIpYETDYYRK) for 10 min at 37°C. Free inorganic phosphate was detected with malachite green (Sigma), and absorbance was taken at 620 nm. To evaluate specific activities of SHP-1, PTP1B, SHP-2, and CD45, the proteins were immunoprecipitated using respective antibodies, and specific PTP activity was then evaluated by pNPP hydrolysis as described above. Nonspecific hydrolysis of pNPP by lysates was assessed in nonimmune IgG immunoprecipitates and subtracted from the values obtained for enzyme immunoprecipitates.
Real Time PCR-Total RNA from RAW 264.7 cells was isolated using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. 1 g of DNA was used as template for cDNA synthesis using the SuperScript first strand synthesis system for the RT-PCR kit (Invitrogen). Quantitative real time PCRs (ABI 7500 Fast Real Time PCR system, Applied Biosystems) were performed using TaqMan Fast Universal PCR master mix (Applied Biosystems). TaqMan probes for Socs1, Socs2, Socs3, and CIS were purchased from Applied Biosystems. The ABI 7500 Fast Sequence detector was programmed with the following PCR amplification conditions: 40 cycles of 95°C for 15 s and 60°C for 1 min. ␤-Actin was chosen as an internal control for variability in amplification because of differences in initial mRNA concentrations. Relative quantitation was performed using the comparative ⌬⌬C t method, and data were normalized to ␤-actin mRNA levels and expressed as a fold change compared with uninfected controls.
siRNA Transfection-RAW 264.7 cells (2 ϫ 10 6 ) were transfected with 1 g of either Egr1 or SHP1 or PTP1B or thioredoxin or SOCS1 and/or SOCS3 siRNA according to the manufacturer's instructions (Santa Cruz Biotechnology). Scrambled siRNA was used as control. Following silencing, cells were infected with L. donovani promastigotes as described earlier.
Caspase-3 Activity Assay-Cells were washed twice with icecold PBS, resuspended in 50 l of ice-cold lysis buffer (1 mM DL-dithiothreitol, 0.03% Nonidet P-40 (v/v), in 50 mM Tris, pH 7.5), kept on ice for 30 min, and finally centrifuged at 14,000 ϫ g for 15 min at 4°C. 10 g of total protein was incubated with the caspase-3 substrate (Ac-DEVD-pNA) for 1 h at 37°C. The absorption was measured by spectrometry at 405 nm.
Electrophoretic Mobility Shift Assays (EMSA)-10 g of nuclear extracts from control as well as treated cells were preincubated with 1 g of poly(dI-dC) in a binding buffer (25 mM Hepes, pH 7.9, 0.5 mM EDTA, 0.5 mM DTT, 1% Nonidet P-40, 5% glycerol, and 50 mM NaCl) for 10 min at room temperature. 0.5 ng of [␣-32 P]dCTP-labeled Egr1 oligonucleotide probe was then added to the reaction mixture followed by incubation for 30 min. Oligonucleotide probe with a mutated Egr1-binding site (Santa Cruz Biotechnology) was used for competition experiments. The DNA-protein complex was then electrophoresed on 6% nondenaturing polyacrylamide gels in 0.5ϫ TBE buffer (50 mM Tris, 50 mM borate, and 1 mM EDTA) and analyzed by autoradiography.
Fluorescence Microscopy-Macrophages (5 ϫ 10 5 ) were plated onto 18-mm 2 coverslips kept in 30-mm Petri plates and cultured overnight. The cells were then infected with L. donovani promastigotes, washed twice in PBS, and fixed with methanol for 15 min at room temperature. The cells were then permeabilized with 0.1% Triton X-100 and incubated with Egr1 antibody for 1 h at 4°C. After washing, coverslips were incubated with Texas Red-conjugated secondary antibody (1 h, 4°C). The cells were then stained with 4Ј,6-diamidino-2-phenylindole (DAPI, 1 g/ml) in PBS plus 10 g/ml RNase A to label the nucleus, mounted on slides, and visualized under Olympus BX61 microscope at a magnification of 1000, and the images thus captured were processed using ImagePro Plus (Media Cybernetics).
Chromatin Immunoprecipitation (ChIP) Assay-Cells were cross-linked with 1% formaldehyde and harvested into lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, and 1ϫ protease inhibitor mixture) and sonicated, followed by immunoprecipitating with rabbit anti-Egr1 antibody. Immunoprecipitation with a normal rabbit IgG served as a negative control. Immunoprecipitated cell lysates were incubated with protein A/G plus agarose, washed, and then heated at 65°C for 1.5 h to reverse the cross-linking. DNA fragments were purified, and PCR amplification was performed using 5 l of DNA (recovered from ChIP) with 35 cycles of denaturation at 95°C (30 s), annealing at 60°C (50 s), and extension at 72°C (50 s) with a final extension at 72°C for 10 min, and amplified PCR products were analyzed by electrophoresis on a 1.5% agarose gel. The following primer pairs were used to amplify putative Egr1binding sites in the Socs1 and Socs3 promoter regions, respectively. SOCS1 sense 5Ј-CGGGGCCTCAGTTTCTCC-3Ј and antisense 5Ј-ATCAGGCTCTTAAACCAGGCA-3Ј, and SOCS3 sense 5Ј-TGAATAAGGAGCCCCACAAC-3Ј and antisense 5Ј-TACCTAGTCCCGAAGCGAAAT-3Ј.
Densitometric Analysis-Densitometric analyses for all experiments were carried out using QUANTITY ONE software (Bio-Rad). Band intensities were quantitated densitometrically, and the values were normalized to endogenous control and expressed in arbitrary units. The ratios of optical density of particular bands/endogenous control are indicated as bar graphs adjacent to figures.
Statistical Analysis-Data shown are representative of at least three independent experiments unless otherwise stated as n values given in the legend. Macrophage cultures were set in triplicate, and the results are expressed as the mean Ϯ S.D.
Student's t test was employed to assess the statistical significance of differences among a pair of data sets with a p value of Ͻ0.05 considered to be significant.
RESULTS

L. donovani Inhibits H 2 O 2 -induced Apoptosis of Host Macrophages during
Phagocytosis-Internalization of a pathogen into macrophages generally causes a huge oxidative burst that results in apoptosis of host cells toward clearance of pathogen burden (20) . To determine whether the intra-macrophage parasite L. donovani can evade this strategy of host defense, thus protecting its niche for survival and replication, we measured the ROS production in macrophages infected with L. donovani during early hours of infection. To this end, RAW 264.7 cells were infected with L. donovani promastigotes for the indicated time periods, washed with PBS, and incubated for 30 min with the green fluorescent dye H 2 DCFDA, and fluorescence levels of 50,000 cells were counted. A gate was established that delineated approximately the upper 5% of fluorescent cells. L. donovani infection was found to cause 68.8 Ϯ 8.4, 71.6 Ϯ 5.8, 61.6 Ϯ 7.4, and 40.2 Ϯ 3.2% ROS production in RAW 264.7 macrophages at 5, 10, 15, and 30 min post-infection, respectively ( Fig.  1A ). To determine whether this initial oxidative outburst could lead to macrophage apoptosis, cells were infected with L. donovani for the indicated time points, washed to remove un-internalized parasites, and incubated overnight at 37°C, and the percentage of apoptotic cells was measured by annexin V-PI flow cytometric analysis. Host cell apoptosis in infected macrophages was found to be considerably higher at 5 min of infection (55.4 Ϯ 7.8% annexin V-positive cells, p Ͻ 0.0001), which was significantly reduced during later time points (38.8 Ϯ 5.9%, p Ͻ 0.0001, and 6.9 Ϯ 0.8%, p Ͻ 0.0002, at 10 and 15 min, respectively) ( Fig. 1B) . To determine whether this amount of ROS produced during early hours of L. donovani infection was capable of causing macrophage apoptosis, cells were administered with the indicated concentrations of H 2 O 2 to mimic the initial oxidative burst condition in the case of L. donovani during 5-30 min of infection. Interestingly, 62.1 Ϯ 8.1% of ROS produced by 200 M H 2 O 2 (Fig. 1C ), which was very close to that produced by L. donovani at 15 min post-infection (61.6%), could cause a significant induction in apoptotic macrophage populations (68.9 Ϯ 5.2% annexin V-positive cells, p Ͻ 0.0001) ( Fig. 1D ) as compared with 6.9% in case of L. donovani infection. Because L. donovani could inhibit host cell apoptosis despite significant ROS production during phagocytosis, we administered (Fig. 1E ). To investigate whether the inhibition in host cell apoptosis was dependent upon pathogen internalization, cells were administered with cytochalasin D (which prevents the uptake but not the attachment of the parasite) prior to infection. Cytochalasin D treatment (2 M) caused 54.7 Ϯ 7.7, 70.7 Ϯ 4.9, and 82.3 Ϯ 5.8% reduction in internalized parasites as compared with untreated infected cells at 2, 4, and 6 h post-infection, respectively (p Ͻ 0.01) ( Fig. 1F ). Parasitemediated suppression of apoptosis was reversed on treating the cells with cytochalasin D. Cytochalasin D treatment in macrophages showed a much higher extent of apoptosis than infected macrophages (33.1 Ϯ 6.2, 35.1 Ϯ 5.1, and 50.7 Ϯ 5.9% more apoptotic cells as compared with L. donovani-infected macrophages at 2, 4, and 6 h post-infection, p Ͻ 0.01) ( Fig. 1G ). This suggests that internalization of the parasite is a necessary prerequisite for suppression of host cell apoptosis. To determine whether this inhibition of apoptosis was mediated through the inhibition of ROS production by the parasite, we measured ROS levels at similar time points in H 2 O 2 -administered infected cells. L. donovani-infected cells were found to produce significant levels of ROS up to 6 h, with a maximum of 55.0 Ϯ 3.7% at 2 h post-infection ( Fig. 1H ). ROS production by macrophages incubated for various time periods (2-24 h) was found to be comparable with that in control cells (0 h of incubation) after treatment with H 2 O 2 for 1 h (supplemental Fig. 1 ) thereby suggesting that merely incubating cells before H 2 O 2 treatment does not make them refractory to ROS production. Inhibition of ROS generation may therefore be attributed to parasite infection. Taken together, these results suggest that L. donovani can successfully counteract oxidative burst-mediated apoptosis in macrophages, which is not mediated by inhibition of ROS production.
L. donovani Infection Inhibits the Caspase Cascade through De-phosphorylation of MAPKs-To ascertain whether H 2 O 2induced apoptotic response was mediated by MAPKs, we sought to determine the phosphorylation-mediated activation of MAPKs in H 2 O 2 -treated infected cells. There was significant decrease in phosphorylated forms of p38 (41.4, 84.1, and 73.4% reduction at 2, 4, and 6 h post-infection, respectively, as compared with H 2 O 2 -administered control macrophages, p Ͻ 0.05) ( Fig. 2A, left panel) . The levels of phospho-ERK1/2 in L. donovani-infected cells were found to be reduced significantly after 4 h and continued to decrease until 24 h (68.7 and 73.7% reduction in p-ERK1 and p-ERK2 at 6 h post-infection, p Ͻ 0.001) upon H 2 O 2 treatment as compared with H 2 O 2 -treated uninfected cells ( Fig. 2A, left panel) . However, reduction in p-JNK was observed only at 2 h post-infection (54.6% reduction, p Ͻ 0.001) ( Fig. 2A, left panel) . High basal levels of p-p38, p-ERK, and p-JNK obtained in H 2 O 2 -treated normal macrophages ( Fig.  2A , left panel) may be attributed to peroxide treatment as H 2 O 2 -untreated normal macrophages did not show any phosphorylation of p38, ERK, and JNK (supplemental Fig. 2 ). The phosphorylation of all three MAPKs was markedly abrogated in L. donovani-infected cells in the absence of H 2 O 2 treatment ( Fig. 2A, right panel) , suggesting that Leishmania strongly inhibits MAPK activation. We further checked the activation of caspases following L. donovani infection and found that whereas control macrophages following H 2 O 2 treatment showed high levels of active initiator caspase-9 and -7, there was a marked reduction (56.4 and 31.1% reduction, p Ͻ 0.05) of these caspases at 6 h post-infection with a gradual increase in the level of pro-caspases ( Fig. 2B, left panel) . However, L. donovani infection in the absence of H 2 O 2 treatment depicted no cleavage of pro-caspase-9 and -7 ( Fig. 2B, right panel) . We further checked the expression and activity of caspase-3, which is the main effector caspase involved in the apoptotic signaling cascade. There was a significant reduction in cleaved caspase-3 expression (21.7, 59.8, and 80.4% reduction at 2, 4, and 6 h post-infection, respectively) ( Fig. 2C, left panel) with a concomitant decrease in its activity (44.6, 52.1, and 68.3% reduction at 2, 4, and 6 h post-infection, respectively, p Ͻ 0.01) ( Fig. 2D ) as compared with control cells after H 2 O 2 treatment, further confirming the inhibition of ROS-mediated apoptosis by Leishmania. Administration of caspase-9 inhibitor Z-LEHD-fmk to infected macrophages before H 2 O 2 treatment did not result in further increases in the levels of downstream pro-caspase-7 and -3 ( Fig. 2E) , thereby suggesting that the gradual increase in the level of pro-caspases observed post-infection (Fig. 2, B and C) was not due to new synthesis. However, the cleavage of these two caspases was markedly abrogated in the presence of Z-LEHD-fmk suggesting that the stabilization of pro-caspases during L. donovani infection may be due to the blockage of their proteolytic cleavage. This was also supported by the fact that an increase in the level of pro-caspases coincided with the gradual decrease in active forms of respective caspases (Fig. 2, B and C) . Moreover, L. donovani infection also led to reduction in cleaved PARP levels (73.3% reduction at 6 h post-infection, p Ͻ 0.0001) ( Fig. 2F ) as compared with control cells after H 2 O 2 treatment. Leishmania infection at similar time points, in the absence of peroxide, resulted in almost complete inhibition of the cleavage of both caspase-3 and PARP (Fig. 2, C, L. donovani Induces Macrophage PTP Activity through SOCS-mediated Induction of Thioredoxin-Considering the kinase-phosphatase balance involved in maintaining cellular homeostasis and decreased phosphorylation of ERK and p38 in L. donovani-infected cells after H 2 O 2 treatment, we sought to determine the total PTP activity in macrophages following infection. Macrophages were analyzed for PTP activity by the capacity of total cell lysates to dephosphorylate pNPP as well as a synthetic tyrosine monophosphorylated peptide substrate. There was significant increase in PTP activity (4.8-, 6.4-, and 5.9-fold at 2, 4, and 6 h post-infection, p Ͻ 0.001) upon H 2 O 2 treatment as compared with H 2 O 2 -treated uninfected cells (Fig. 3A) . Infection of macrophages in the absence of H 2 O 2 also showed induction in PTP activity (5.2-, 6.7-, and 6.1-fold at 2, 4, and 6 h post-infection, p Ͻ 0.001), which was comparable with that obtained after H 2 O 2 treatment (Fig. 3A) . Similar trends were noted in case of specific PTP activity as observed by the dephosphorylation of synthetic tyrosine monophosphorylated peptide (Fig. 3B ). We then checked the individual activity and protein level expression of PTPs known to be involved in the ROS-mediated signaling cascade like SHP-1, SHP-2, CD45, and PTP1B ( Fig. 3C) . Of all the PTPs tested, the activities of SHP-1 and PTP1B were found to be significantly elevated reaching a maximum of 5.6-fold at 6 h post-infection for SHP-1 and 6.3fold at 4 h post-infection for PTP-1B (p Ͻ 0.001) (Fig. 3C ). Protein expression levels of these two proteins were also increased in H 2 O 2 -treated infected cells (Fig. 3D, left panel) . L. donovani infection in the absence of H 2 O 2 also depicted a similar pattern of induction for SHP1 and PTP1B, with a maxima of 5.1-fold at 6 h post-infection for SHP1 and 5.4-fold at 4 h postinfection for PTP1B (Fig. 3E) . The protein level expressions of both SHP1 and PTP1B were also elevated during infection in the absence of peroxide treatment, thereby suggesting that PTP induction by Leishmania might be independent of H 2 O 2 treatment ( Fig. 3D, right panel) . Because thioredoxin is known to have a role in stabilizing the PTPs, we sought to determine whether L. donovani infection had any effect on macrophage . Absorbance values were taken at 405 and 620 nm, respectively. C and E, activity of the indicated PTPs were determined by the capacity of immunoprecipitated samples to hydrolyze pNPP in the presence (C) and absence (E) of H 2 O 2 . Results are expressed as the relative increase (n-fold) over PTP activity in control cells. D and F, cells were processed as above and then subjected to Western blotting with respective antibodies for various PTPs (D) and thioredoxin (F). G, cells processed as above were immunoprecipitated with anti-thioredoxin antibody followed by immunoblotting with the indicated antibodies. thioredoxin levels. Following H 2 O 2 treatment, L. donovani-infected macrophages showed significantly enhanced expression of thioredoxin (2.1-, 8.6-, and 9.1-fold as compared with control macrophages at 2, 4, and 6 h post-infection, p Ͻ 0.05) ( Fig. 3F,  left panel) . Although infected macrophages (without H 2 O 2 treatment) demonstrated similar thioredoxin levels at 2, 4, and 6 h post-infection ( Fig. 3F, right panel) , thioredoxin induction was found to persist up to 24 h in the absence of peroxide as compared with infected H 2 O 2 -treated cells where this was considerably reduced after 6 h of infection. We then checked for the role of thioredoxin in the regulation of PTP activity by studying the molecular interaction between them. Co-immunoprecipitation studies revealed strong association of thioredoxin with both SHP-1 and PTP1B at 4 and 6 h post-infection as compared with control cells both in the presence and absence of H 2 O 2 (Fig. 3G, left and right panel) . Because thioredoxin is known to be regulated by members of SOCS family of proteins, which play a substantial role in the regulation of ROS-mediated apoptotic signaling cascade, we studied whether Leishmania could modulate the expression levels of SOCS proteins under H 2 O 2 treatment. Real time PCR analysis of various members of the SOCS family proteins revealed marked elevation in mRNA levels of Socs1 and Socs3 with maximum levels (6.1-fold at 6 h for Socs1 and 5.9-fold at 4 h for Socs3, respectively, p Ͻ 0.001) ( Fig. 3H ) without any apparent alteration in the expression levels of Socs2 and CIS. Similar induction of SOCS1 and SOCS3 expression was also observed at protein levels (Fig. 3J, left panel) as studied by immunoblot analysis with maximum expression at 6 h post-infection (p Ͻ 0.01). However, although the induction of SOCS1 was found to be stable up to 12 h, SOCS3 expression was short lived as seen by the sharp reduction in the level of this protein after 6 h of infection. Moreover, both Socs1 and Socs3 were induced in L. donovani-infected macrophages even in the absence of peroxide treatment with a maxima of 5.9-and 5.7-fold at mRNA levels at 6 and 4 h post-infection, respectively (Fig. 3I ). Similar induction was revealed at protein levels (Fig. 3J,  right panel) , thereby suggesting that H 2 O 2 treatment may not be required for the induction of SOCS proteins by Leishmania. These results suggest that L. donovani may exploit host SOCS1 and SOCS3 to induce thioredoxin thereby enhancing the activity of PTP.
Transcriptional Regulation of SOCS Proteins by L. donovani-The Egr group of transcription factors is known to regulate the transcription of SOCS family members, and therefore we checked for the expression of Egr1 at both protein and mRNA levels. It was interesting to note that Egr1 mRNA expression was induced in infected macrophages (1.7-, 3.9-, and 5.7-fold over control at 2, 4, and 6 h post-infection, p Ͻ 0.05), which coincided with SOCS induction (Fig. 4A ). A similar trend was observed for infected cells in the absence of H 2 O 2 (Fig. 4A ). Induction of Egr1 protein expression was found to be comparable in L. donovani-infected macrophages in the presence and absence of H 2 O 2 (Fig. 4B, left and right panels) . This activation was further ascertained by the nuclear translocation of Egr1 as observed by fluorescence microscopy using anti-Egr1 antibody. In control macrophages, with or without H 2 O 2 treatment, the signal for Egr1 was distributed throughout the cell but did not co-localize with DAPI-stained nuclei indicating its cytosolic localization (Fig. 4C) . On the contrary, L. donovani infection for 6 h resulted in an increase in the nuclear localization of Egr1 (irrespective of H 2 O 2 treatment) as evident by markedly enhanced co-localization of Egr1 signal (red) with DAPIstained nuclei (blue) (Fig. 4C ). Because the binding of a transcription factor to DNA is necessary for regulating the transcription of a gene, we checked for the Egr1-DNA binding. Analysis of DNA-protein interaction through EMSA depicted strong Egr1-DNA binding (Fig. 4D ) at 6 h post-infection, indicating that Egr1 may have a role in elevated expression of SOCS proteins following Leishmania infection. To further ascertain the nuclear translocation of Egr1, we analyzed the expression of Egr1 at a protein level in both nuclear and cytosolic fractions. The results showed 3.8-and 3.7-fold more protein expression in nuclear fractions at 6 h post-infection in the case of L. donovani infection and L. donovani ϩ H 2 O 2 treatment, respectively, as compared with control (Fig. 4F, right and left panels) . However, although Egr1 levels persisted in the nuclear fraction of L. donovani-infected macrophages until 24 h post-infection ( Fig. 4F, right panel) , the level decreased considerably after 6 h of infection in the case of H 2 O 2 treatment (Fig. 4F, left panel) . This might be the reason why DNA-protein binding was not observed at 12 and 24 h post-infection in Fig. 4D . However, we obtained DNA-protein binding up to 24 h post-infection in absence of H 2 O 2 (Fig. 4G) , thereby suggesting that H 2 O 2 may exercise a feedback control over Egr1-DNA binding during L. donovani infection. Competition experiments using the Egr1 probe with a mutated binding site resulted in complete abrogation of DNA-protein interaction demonstrating the specificity of Egr1-DNA binding (Fig. 4, E and H) . Next, we examined the effect of L. donovani infection on the binding of Egr1 to Socs1 and Socs3 promoter regions through ChIP. We found a detectable increase in Egr1 binding to the Socs1 promoter ( Fig. 4I ). Egr1 binding was increased in a time-dependent manner upon L. donovani infection. However, the binding of Egr1 to Socs3 promoter was much less as compared with Socs1 (Fig. 4J ). Replacement of Egr1 antibody with control IgG in the ChIP assay failed to yield any amplicon suggesting the specificity of the experiment (Fig. 4, I and J, lower panels) . To validate the role of Egr1 in the induction of SOCS in infected macrophages, we used an in vitro siRNA knockdown system for Egr1. As seen in Fig. 4K , Egr1 was effectively down-regulated by siRNA (88.1% reduction in expression as compared with control siRNA-treated cells, p Ͻ 0.001). Egr1 knockdown cells showed markedly decreased expression of SOCS1 (66.7% reduction as compared with control siRNA-treated cells, p Ͻ 0.01) (Fig. 4L) . However, inhibition of Egr1 resulted in merely 30.4% reduction (p Ͻ 0.05) in SOCS3 expression (Fig. 4L) . These results suggest that induction of SOCS1 and SOCS3 may be mediated by Egr1.
Effect of SOCS Inhibition on Thioredoxin-mediated Apoptotic Signaling during L. donovani Infection-To investigate whether induction of SOCS1 and SOCS3 was associated with an increase in thioredoxin-mediated PTP activity, an siRNA-mediated knockdown system was used. Macrophages were administered with either SOCS1 or SOCS3 siRNA alone or in combination, and the efficacy of siRNA treatment was determined by assessment of protein expressions by Western blotting. As seen in Fig. 5, A  and B , expressions of both SOCS1 and SOCS3 were consider-ably reduced by treatment with respective siRNAs (69.2 and 81.2% reduction for SOCS1 and SOCS3, respectively, p Ͻ 0.01) as compared with control siRNA treatment. To see the collec-tive role of both SOCS1 and SOCS3 on the modulation of the apoptotic cascade by L. donovani, we used a combined knockdown system for SOCS1 and SOCS3 for all of our experiments. Combined siRNA treatment resulted in 46.2 and 75.1% reduction in SOCS1 and SOCS3, respectively (p Ͻ 0.05) (Fig.  5, A and B) . SOCS knockdown cells showed markedly decreased thioredoxin levels (79.4% reduction in combined SOCS1/3 siRNA-treated cells as compared with control siRNA treatment) thereby suggesting that the expression of both SOCS1 and SOCS3 is a necessary prerequisite for thioredoxin induction (Fig. 5C ). Consistent with these data, SOCS1/3 knockdown also resulted in marked reduction in PTP activity (63.3 and 76.5% reduction in total and specific PTP activity, respectively, p Ͻ 0.01) (Fig. 5, D and E) as well as reduction in the activity of both SHP-1 and PTP1B (55.1 and 38.6% reduction, respectively, as compared with control siRNA treatment, p Ͻ 0.05) (Fig. 5F ). We also checked the expression of both SHP-1 and PTP1B at protein level and found 93.5 and 81.9% reduction in their levels, respectively (p Ͻ 0.01) (Fig. 5G) . The decrease in thioredoxin-mediated PTP activity was further validated by checking the protein-protein interaction of thioredoxin with SHP-1 and PTP1B. Co-immunoprecipitation studies revealed strong association of thioredoxin with SHP-1 and PTP1B following infection, which was markedly reduced in the presence of SOCS1/3 siRNA (Fig. 5H) . These results indicate that both SOCS1 and SOCS3 play a vital role in thioredoxinmediated enhancement of PTP activity in H 2 O 2 -treated infected macrophages.
Effect of SOCS Knockdown on MAPK-mediated Caspase Activation, Macrophage Apoptosis, and Parasite Survival-To ascertain the functional significance of SOCS in H 2 O 2 -treated L. donovani-infected cells, we examined the effect of SOCS knockdown on the MAPK-triggered caspase cascade and subsequent apoptotic parameters. SOCS1 and -3 silencing in L. donovani-infected cells led to enhanced expression of both p-p38 and p-ERK (3.1-, 3.4-, and 3.3-fold for p-p38, p-ERK1, and p-ERK2, respectively, over control siRNA-treated samples) ( Fig. 6A ). Because the de-phosphorylation of MAPKs, observed in case of Leishmania infection, may be mediated by thioredoxin, SHP1, and PTP1B, we studied the effect of silencing these proteins through the siRNA-mediated knockdown sys-tem on the activation of p38 and ERK in infected macrophages. Efficacy of siRNA was determined by Western blotting, which showed 59.2, 70.1, and 67.2% inhibition in the case of SHP1, PTP1B, and thioredoxin, respectively ( Fig. 6, B, C, and D) . Knockdown of SHP1, PTP1B, and thioredoxin led to an increase of 7.2-, 7.4-, and 7.7-fold of p-p38, 2.1-, 2.3-, and 3.4fold of p-ERK1 and 2.3-, 2.7-, and 4.2-fold of pERK2, respectively, over control siRNA-treated samples (Fig. 6E ) thereby suggesting that the increase in phosphatase activity in L. donovani-infected cells might lead to the reduction in phosphory- lated forms of p38 and ERK1/2. SOCS1/3 silencing either alone or in combination in L. donovani-infected cells depicted considerable enhancement in caspase-3 activity (3.2-, 2.7-, and 4.8fold more than control siRNA-treated cells, in the case of SOCS1, SOCS3, and SOCS1 and -3 knockdown, respectively, p Ͻ 0.01) ( Fig. 6F ). It was interesting to note that this increase in caspase-3 activity could be markedly reversed by administration of SB203580 and FR180204, inhibitors of p38 and ERK, respectively, thereby suggesting the active involvement of these two MAPKs in SOCS-mediated signaling (Fig. 6G) . A comparison of apoptotic populations between control and SOCS siRNA-treated infected macrophages showed enhanced apoptosis in the latter upon H 2 O 2 treatment (65.1, 59.2, and 57.4% apoptotic cells, in case of SOCS1, SOCS3, and SOCS1 and -SOCS3 knockdown, respectively, compared with 23.3% in control siRNA-treated cells) (Fig. 6H ). In agreement with the previous data, administration of SB203580 and FR180204 resulted in marked reduction in apoptosis induced by SOCS1 and/or SOCS3 knockdown, whereas treatment with SP600125, the inhibitor of JNK, did not have any effect on the same (Fig.  6H ). We then tried to evaluate whether this increase in apoptosis by SOCS knockdown could actually play a role in decreasing the persistence of infection. It was observed that silencing of SOCS1 and -3 either alone or simultaneously resulted in decreased intra-macrophage survival of parasites (62.1, 48.1, and 67.3% reduction in case of SOCS1, SOCS3, and SOCS1 and -3 knockdown, respectively, as compared with control siRNA treatment) ( Fig. 6I) . Moreover, administration of inhibitors for p38 and ERK along with SOCS siRNA resulted in reversal of apoptotic inhibition (Fig. 6J) , thereby revealing an active participation of both p38 and ERK in the SOCS-mediated anti-apoptotic signaling. Collectively, all these results suggest that L. donovani may counteract oxidative burst-mediated apoptosis through up-regulation of SOCS1 and -3, thus allowing successful replication and survival of the parasites.
DISCUSSION
For the successful survival of intracellular pathogens, protection of their niche, i.e. the host cell, is a necessary prerequisite. Apoptosis of infected cells is one of the classical defense mechanisms that result in elimination of the host cell along with the pathogen (34) . Hence, many pathogens, including Leishmania, escape immune surveillance by developing mechanisms to suppress host cell apoptosis (35) . However, phagocytosis of Leishmania promastigotes into macrophages results in a huge oxidative burst that normally should kill the host cell resulting in parasite clearance. Although inhibition of apoptosis by L. donovani has been reported, the fact that the parasite is able to deal with the huge oxidative stress after being phagocytosed and can protect the host macrophages from cell death is still an unexplored area. In this study using H 2 O 2 as an inducer of ROSmediated apoptosis, we tried to elucidate the intracellular signaling mechanisms used by L. donovani to overcome host-cell apoptosis. We observed that Leishmania could prevent ROSmediated apoptosis of macrophages through the differential induction of SOCS proteins (SOCS1 and SOCS3) through thioredoxin in the inhibition of the apoptotic cascade. Because thioredoxin has a role in PTP stabilization, it might be possible that L. donovani may induce thioredoxin to protect the PTPs from being oxidized by ROS, thereby inhibiting the MAPKdriven caspase cascade.
The involvement of ROS in inducing cell death has been demonstrated in a number of studies (36, 37) . In this study, we demonstrated that H 2 O 2 , which induces apoptosis in normal cells, could not do so in L. donovani-infected macrophages despite increased levels of ROS. Leishmania may achieve apoptotic inhibition via neutralization of ROS-mediated apoptotic signaling cascade rather than decreasing ROS production itself. Caspases that perform critically important roles in the induction of apoptosis are primarily triggered via two distinct but interconnected pathways, namely the mitochondrion-mediated and death receptor pathways (38) . Both of these pathways eventually merge and lead to the activation of the downstream effector caspases-3 and -7, which ultimately execute apoptosis of the cell (38) . In this study, we found that Leishmania markedly reduced the expression of both active initiator caspases-9 and -7 followed by suppression of the effector caspase-3 in host cells. MAPKs are known to have a precise role in the initiation of the caspase cascade, and there is evidence regarding their involvement in cleaving of inactive caspases, thus rendering them active. Our study also revealed a significant reduction in the phosphorylation of ERK and p38 in L. donovani infection. MAPKs in turn are known to be regulated by PTPs; therefore, we studied the role of PTP in the MAPK-mediated apoptotic signaling cascade. ROS is reported to cause PTP inactivation by attacking thiol groups in the catalytic site of the PTP (39) . The essential role of the active site cysteine residue in PTP-mediated catalysis provides a mechanism for redox-based regulation of PTP activity. The reversible oxidation and inactivation of PTP in response to H 2 O 2 provide a well established mechanism for control of tyrosine phosphorylation-dependent signaling. H 2 O 2 exposure to control macrophages resulted in inhibition of CD45, SHP-1, SHP-2, and PTP1B with a concomitant activation of ERK and p38. We found an enhancement of the specific activities of SHP-1 and PTP-1B following infection, which might contribute to de-phosphorylation of MAPK and consequent inhibition of the caspase cascade. However, the precise role that individual MAPK members play during ROS-induced apoptosis requires further investigation.
PTPs are known to be stabilized by a number of enzymes of the ROS-scavenging system. Thioredoxin might be involved in the stabilization of PTPs in Leishmania infection as its levels are increased in infected macrophages. The enhanced association of thioredoxin with SHP1 and PTP-1B may lead to the protection of thiol groups from ROS attack. The results of some recent studies demonstrate the role of SOCS family members in regulating thioredoxin expression during oxidative stress conditions. Moreover, SOCS1-transduced cells display elevated thioredoxin levels and a decrease in ROS generation induced by oxidative stress (27) . Although specific interactions of SOCS1 with the transcription machinery of thioredoxin genes are not known, the role of SOCS proteins as transcriptional factors has been suggested in recent studies. This study indicated that infection by L. donovani resulted in induced expression of both SOCS1 and SOCS3 in macrophages, and transcription of these proteins may be regulated by the transcription factor Egr1.
TGF-␤ has been reported to induce rapid induction of Egr1 in human skin fibroblasts (40) , aortic smooth muscle cells (41) , and mouse embryonic fibroblasts (42) . Incidentally, L. donovani infection leads to the production of TGF-␤, which is one of the major players in generating a Th2-biased immune response for establishment of infection (43, 44) . It might be possible that during infection, high levels of TGF-␤ may be exploited by Leishmania to induce Egr1 levels. Our findings suggest that both SOCS1 and SOCS3 have a role in the inhibition of host cell apoptosis by L. donovani, which may be mediated through the induction of thioredoxin, which protects PTPs. These findings seem to be in good agreement with the fact that SOCS induction is correlated with cyto-protection (45) . A number of emerging studies have revealed the implication of SOCS proteins in the regulation of cellular proliferation and apoptosis. For example, abolition of SOCS gene expression has been reported to induce apoptosis in liver and lymphoid organs (46, 47) . To understand the mechanism responsible for increased apoptosis after SOCS down-regulation, we looked for changes in the expression levels of thioredoxin and phosphorylation of MAPKs and found that SOCS knockdown was correlated with increased phosphorylation of ERK and p38. Increased apoptosis was associated with activation of pro-apoptotic caspase-3, caspase-7, and caspase-9, and increased levels of cleaved poly(ADP-ribose) polymerase. Functional knockdown of SOCS resulted in reduced expression of thioredoxin suggesting a direct correlation between SOCS proteins and thioredoxin. In this context, we also observed a decrease in endogenous PTP activation in SOCS-siRNA-treated macrophages along with enhanced apoptosis of infected macrophages. However, either SOCS1 or SOCS3 did not co-immunoprecipitate with thioredoxin, SHP1, and PTP1B (supplemental Fig. 3 ) suggesting that SOCS do not directly associate with these proteins. SOCS1 has been reported to be associated with thioredoxin transcription as observed by elevated thioredoxin mRNA levels in SOCS1-overexpressing cells (27) . It might therefore be possible that in L. donovani-infected macrophages, induced expression of SOCS led to enhanced thioredoxin transcription, thereby stabilizing the PTPs. The role of SOCS proteins during infection by various intracellular pathogens has been reported in a number of studies. For example, T. gondii induces endogenous SOCS1 and CIS, and this contributes to the parasite's inhibition of IFN-␥ (48) . Also, infection with L. monocytogenes modulated IFN-␥ signaling via induction of SOCS-3 (49) . Our findings coincided with these reports as SOCS down-regulation resulted in decreased parasite survival thereby suppressing disease progression. Taken together, this study demonstrated that SOCS proteins play an important role in stabilizing the survival machinery of infected cells in the course of phagocytosis, and their down-regulation leads to increased cell death and diminished persistence of infection. This may provide a basis for a more rational design of therapies against visceral leishmaniasis.
